Background. Establishing glomerular basement membrane (GBM) thickness is important in the diagnosis of some renal diseases. It is widely believed that GBM thickness varies according to the processing method, yet there appear to be no published data to support this. In this study we aimed to determine whether the choice of intermediate solvent and embedding resin influenced the thickness of the GBM and to assess the magnitude of any such effect. Methods. Subcapsular renal cortical rat tissue was processed for electron microscopy using four different intermediate solvents [propylene oxide (PO), xylene (Xyl), acetone (Ac) or ethanol (Et)], and three epoxy resins [Araldite (Aral), TAAB embedding resin (TER) or TAAB low viscosity resin (TLV)]. GBM thickness was estimated by the orthogonal intercept method. Results. Compared with PO-Aral embedding, GBM was significantly thinner in Xyl-Aral, Ac-Aral and Xyl-TER, and significantly thicker in PO-TER-, Ac-TER-, Et-TERand PO-TLV-embedded tissue (P < 0.05 in all cases). No significant difference was seen with Xyl-TLV-and Ac-TLVembedded tissue. Et-Aral and Et-TLV embedding resulted in poor quality blocks. Conclusions. The results suggest that the choice of both intermediate solvent and resin influences shrinkage of the GBM during TEM processing.
Introduction
A number of studies have indicated that tissue shrinkage is a consequence of many processing strategies for both light and electron microscopy [1] [2] [3] . This is of little impor- tance for the majority of histopathological diagnoses since they are decided on morphological, rather than morphometric criteria. Where the accurate measurement of tissue components is required, the choice of fixative, dehydration strategy and embedding medium may be critical particularly where comparisons are to be made with results from other centres. Similarly, comparison of measurements with published data and retrospective studies of archival tissue may also be problematic.
The establishment of glomerular basement membrane (GBM) thickness by electron microscopy is important in the diagnosis and staging of some renal diseases such as thin membrane nephropathy and Alport's nephropathy. It is often stated that GBM thickness varies according to the processing method adopted, but there appears to be no published information to support this belief.
In this study, we aimed to determine whether the choice of intermediate solvent and embedding resin had any influence on the thickness of the GBM and to assess the magnitude of any such effect.
Subjects and methods
One cubic millimetre blocks of subcapsular renal cortex from a single rat kidney fixed by perfusion with 1% glutaraldehyde according to Kushida [4] and stored in a 100 mM phosphate buffer (pH 7.4) plus 0.005% sodium azide at 4
• C (for ∼7 years) were post-fixed in 2% osmium tetroxide and fully dehydrated through graded ethanol (50%, 10 min; 70%, 15 min; 90%, 10 min; 100%, 3 × 15 min).
Two Thin (80-100 nm) sections from each block were stained with uranyl acetate and lead citrate and two glomeruli from each block selected, by the same examiner, in a Phillips CM12 transmission electron microscope (FEI UK Ltd, Cambridge, UK) at 80 kV. Calibrated digital images of at least eight peripheral capillary loops from each glomerulus were captured at ×25 000 magnification with a Megaview III TEM camera (Soft Imaging System GmbH, Münster, Germany), montaged, and a lined grid overlaid with analySIS software (Soft Imaging System GmbH, Münster, Germany). GBM thickness was measured by the orthogonal intercept method [5] . Briefly, the orthogonal thickness is the linear distance perpendicular from the basal surface of the endothelium to the adjacent epithelium. The lengths were measured from the intercept of the grid with the endothelium; gridline frequency was manipulated to achieve at least 80 measurements per glomerulus. Measurements were made of the whole thickness of the GBM; no separate measurements were made of the lamina rarae or the lamina densa.
The pooled data were tested for normality using an Anderson-Darling Normality test [6] . Four-factor analysis of variance (ANOVA) was applied to determine what difference, if any, existed between processing schedules, blocks, glomeruli and capillary loops. Any effect of resin or solvent, or any interaction between them, on GBM thickness was tested with two-factor ANOVA [6] .
All groups were compared to a designated control group, PO/Aral, which is currently the processing schedule of choice at the University Hospital of Wales EM unit.
Dunnett's parametric test [7] was used on data that had been transformed to normality or near-normality using the reciprocal transform y = [1/(X + 50)] 1000.
Dunn's non-parametric test [8] was also applied, with correction for tied values, in order to demonstrate any inaccuracies, due to non-normality of transformed data.
Scheffe's test for multiple contrasts [9] was applied to compare resins, irrespective of intermediate solvent.
Results
Et/Aral and Et/TLV embedding schedules resulted in poor quality blocks that were extremely difficult to thin section and were unstable in the electron beam; thus, measurements of GBM thickness could not be made. Ultrastructure was well preserved in all other specimens and no sign of deterioration was evident, even though tissue had been stored in buffer for 7 years before embedding.
The frequency histogram ( Figure 1a ) and corresponding Anderson-Darling normality plot (Figure 1b) for the pooled GBM thickness measurements clearly show the raw data to be non-normally distributed, precluding the direct application of parametric tests. Reciprocal transformation of the data produced a greatly improved fit to a normal distribution as shown by the frequency histogram and AndersonDarling normality plot (Figure 1c and d, respectively) . This result and the robustness of the parametric tests allowed statistical comparisons to be made using the transformed data. Four-factor ANOVA indicated that significant differences existed between processing schedules (F = 93.23, P < 0.001), blocks (F = 18.29, P < 0.001) and glomeruli (F = 11.12, P < 0.001) but not between capillary loops (F = 1.03, P = 0.310). Two-way ANOVA revealed a significant effect of both resin (F = 178.15, P < 0.0005) and solvent (F = 200.22, P < 0.0005) on GBM thickness. In addition, a significant interaction between them was demonstrated (F = 14.71, P < 0.0005), although this was considerably less than each acting alone.
Dunnett's test showed that GBM thickness in seven out of nine processing schedules was significantly different from the control group (Table 1 and Figure 2 ). Compared with PO/Aral embedding (Figure 3a) , GBM was significantly thinner in Xyl/Aral, (Figure 3b ) Ac/Aral and Xyl/TER, and significantly thicker in PO/TER, Ac/TER, Et/TER (Figure 3c) and PO/TLV embedded tissue (P < 0.0005 in all cases). No significant difference was seen with Xyl/TLV and Ac/TLV.
Dunn's test gave similar results to Dunnett's test, with the exception of Ac/TER, where the normalized data were still skewed.
Scheffe's test showed the effect of resins to be significantly different at P < 0.0005, shrinkage increasing with resin viscosity. 
Discussion
In this study, we have shown that GBM thickness is influenced by the choice of both intermediate solvent and embedding resin, confirming what has generally been believed. Of the nine processing schedules tested, seven resulted in GBM thicknesses that were significantly different to the control protocol, PO/Aral.
Most surprising was the degree of change in GBM thickness that the choice of intermediate solvent or resin produced, in some cases up to 25%. Subsequent examination of representative micrographs suggested that shrinkage was most pronounced in the lamina densa, but since separate measurements of the three layers that comprise the GBM were not made, this impression cannot be supported with hard data and remains speculative.
The effect of intermediate solvent showed a consistent pattern across the three resin-embedding protocols. Solvent polarity, measured by dielectric constant (ε), is a property that might affect tissue shrinkage. For the three solvents for which ε is published, there appeared to be a relation to shrinkage; ethanol and acetone produced the least shrinkage and had the higher dielectric constants (ε = 24.3 and 20.7, respectively) whereas xylene produced the greatest shrinkage and had the lowest (ε = 2.4).
During dehydration, tissue water is progressively replaced with organic solvent that might interact with tissue components through polar or hydrogen -bonds and maintain solvation. It is conceivable that the amount of additional shrinkage produced by a given intermediate solvent is dictated by the degree to which tissue solvation is maintained. Thus, an apolar solvent such as xylene, which is unable to bond to polar tissue sites, results in greatest shrinkage. If the above hypothesis is correct, acetonitrile (ε = 36.6), which has already been advocated as a dehydrating solvent for epoxy resin embedding [10] , might be expected to produce less shrinkage than ethanol. This is the subject of current investigation.
The degree of shrinkage produced by the different epoxy resins was particularly striking given that they have been advocated based on the minimal dimensional changes that tissue and resin allegedly undergo during infiltration and curing [1] . Since the chemical composition of the resins is not published, it is not possible to advance any hypothesis to account for this effect.
The dramatic differences in GBM thickness may have been due, in part, to the time over which the tissue was stored (7 years), but no obvious ultrastructural deterioration was evident. In addition, tissue from the single animal used may have been particularly sensitive to solvent/resin-induced shrinkage. While these possibilities may have contributed to the degree of observed shrinkage, it seems unlikely that they could account for the trends that appear to be associated with both solvent dielectric constant and resin viscosity.
Additional findings, as revealed by ANOVA, were that significant variation in GBM thickness existed between tissue blocks, suggesting the possibility of an interaction between tissue microenvironments and the solvent/resin, and between glomeruli, indicating that even though tissue was taken from the same anatomical region of the kidney, i.e. the subcapsular renal cortex, differences in glomerular structure pertain. There was no significant difference between capillary loops, indicating that within a given glomerulus, the thickness of all such structures is similar.
This study has illustrated the variation in GBM thickness that can result from choosing different intermediate solvents and epoxy resins under otherwise identical processing conditions. The effects of the various processing schedules used in diagnostic EM laboratories across, for example, the UK remain to be determined. The results of this investigation suggest that the choice of both intermediate solvent and resin can influence shrinkage of the GBM during TEM processing and that caution should be exercised when transferring cases between centres and when using archival tissue blocks.
